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Degeneration of the intervertebral disk (IVD) is a ma-
jor pathological process implicated in low back pain
and is a prerequisite to disk herniation. Although
mechanical stress is an important modulator of the
degeneration, the underlying molecular mechanism
remains unclear. The association of human IVD de-
generation, assessed by magnetic resonance imaging,
with annulus fibrosus cell apoptosis and anti-cyto-
chrome c staining revealed that the activation of the
mitochondria-dependent apoptosome was a major
event in the degeneration process. Mouse models of
IVD degeneration were used to investigate the role of
the mechanical stress in this process. The application
of mechanical overload (1.3 MPa) for 24 hours in-
duced annulus fibrosus cell apoptosis and led to se-
vere degeneration of the mouse disks. Immunostain-
ing revealed cytochrome c release but not Fas-L
generation. The role of the caspase-9-dependent mi-
tochondrial pathway in annulus fibrosus cell apopto-
sis induced by overload was investigated further with
the use of cultured rabbit IVD cells in a stretch device.
Mechanical overload (15% area change) induced apo-
ptosis with increased caspase-9 activity and decreased
mitochondrial membrane potential. Furthermore, Z-
LEHD-FMK, a caspase-9 inhibitor, but not Z-IETD-
FMK, a caspase-8 inhibitor, attenuated the overload-
induced apoptosis. Our results from human samples,
mouse models, and annulus fibrosus culture experi-
ments demonstrate that the mechanical overload-in-
duced IVD degeneration is mediated through the mi-

tochondrial apoptotic pathway in IVD cells. (Am J
Pathol 2004, 164:915–924)

The causes of low back pain have been suggested to
involve genetic, environmental, and psychosocial fac-
tors.1–5 Recent studies suggest that the main anatomical
structure implicated in low back pain is the intervertebral
disk (IVD) and the pathogenic process is its degenera-
tion, which predisposes disk herniation.6–10 To date, the
pathophysiologic causes of IVD degeneration at the mo-
lecular level are still unclear. The IVD is composed of two
distinct but interdependent tissues: a gelatinous center,
known as the nucleus pulposus (NP), and several sur-
rounding coaxial lamellae that form the inner and outer
annulus fibrosus (AF). This unique structural feature al-
lows the IVD to constrain motion at high loads and pro-
vide flexibility at low loads. When degeneration occurs, it
is difficult to distinguish the two anatomical parts of the
AF. Experimental animal models and clinical evidence
suggest that excessive mechanical loading enhances the
disk degeneration, which indicates that IVD cells can
sense and convert applied overloads to biological sig-
nals that result in tissue responses.11–14

Constituting 1% volume of the disk, IVD cells play an
important role in maintaining the integrity of the disk by
producing proteoglycans, type I and type II collagen, and
factors involved in extracellular-matrix (ECM) turnover,
including metalloproteinases, prostaglandins, and nitric
oxide.15–19 In the healthy IVD, the rates of synthesis and
breakdown of the ECM are in equilibrium because of the
intricate regulation by growth factors and cytokines. In
the disease state, IVD degeneration has been suggested
to be associated with a loss of tissue cellularity through
apoptotic-related processes that lead to a diminished
generation, organization, and repair of the ECM.12,20,21

Apparently, the homeostasis of the ECM in the IVD is
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regulated by mechanical loads as well.22–25 In some
circumstances, mechanical overload impairs ECM ho-
meostasis, causing the onset of IVD degeneration,22–24

which is evidenced by the positive correlation between
spinal loading and IVD degeneration.14 Thus, results
from these previous studies suggest the pivotal role of
mechanical stress in inducing IVD cell apoptosis and
ECM degradation, which may lead to IVD degeneration.

Apoptosis plays a central role in the homeostasis of all
organisms in normal development and tissue turnover.26

The activation of initiator caspases is the central event in
the effector phase of apoptosis.27 Two processes impli-
cating protein-protein interaction lie immediately up-
stream of the apoptotic initiators caspase-8 and -9. The
first process or extrinsic pathway can be induced by the
ligands of the tumor necrosis factor (TNF)-receptor su-
perfamily. These receptors can activate caspase-8 via
the Fas-associated death domain protein, which is able
to bridge members of the TNF-receptor superfamily to the
caspase-8 proenzyme.28 In turn, caspase-8 directly
cleaves and activates the effector caspase-3. The sec-
ond or intrinsic pathway involving caspase-9 as the initi-
ator originates from mitochondria. Stressed mitochondria
release a set of molecules, including cytochrome c and
Apaf-1, to form the apoptosome molecular cluster that
activates caspase-929 and its effector caspase-3. In ad-
dition, this pathway could be indirectly activated by
caspase-8 through the cleavage of Bid (a pro-death
Bcl-2 family protein).30

We report here a mitochondria-dependent IVD cell
apoptosis that occurs in human IVD degeneration and in
mouse models with IVD degeneration caused by me-
chanical overload. The hypothesis that caspase-9 medi-
ates the mechanical-overload-induced apoptosis was
further tested by in vitro experiments involving a stretch
device with use of cultured rabbit IVD cells.

Materials and Methods

Human IVD Samples

Lumbar spines were removed from 11 cadavers of pa-
tients of varying ages with no history of spinal trauma or
inflammatory disease. To avoid dehydration of the disks,
spines with extensive adjacent tissues were removed
within 48 hours following death, in full agreement with
French legislation on ethical rules. The removed spines
immediately underwent magnetic resonance imaging
(MRI) (1.5-T; TR/TE: 4000/95 ms for sagittal images and
640/14 ms for axial images). With agreement from two
rheumatologists and one radiologist, IVD degeneration
was determined by MRI signal intensities of L3-L4, L4-L5,
and L5-S1 disks. The following grading system for T2-
weighted signal intensity was used to assess degenera-
tion: “no degeneration,” indicated by the enhanced sig-
nal intensity in the center (grade 0); “moderate
degeneration,” indicated by inhomogeneous and de-
creased signal intensity (grade 1); and “severe degener-
ation,” indicated by decreased overall signal intensity
(grade 2).31 Immediately after MRI, all adjacent tissues

were removed from the spines, and the specimens were
then fixed, decalcified, and embedded in paraffin. Mid-
sagittal serial sections (6–8 �m) were obtained for im-
munostaining. All specimens were kept at 4°C between
various procedures.

Mouse Model for IVD Degeneration

An in vivo mouse model of IVD degeneration was used to
investigate the mechanism by which mechanical over-
load induces disk degeneration.12 The animal protocol
was approved by the University of California, San Fran-
cisco Committee on Animal Research. Briefly, in group
one (n � 4), mouse tail disks were loaded with an external
compression device in vivo as previously described.12

Compressive stress was applied at one magnitude (1.3
MPa) between the ninth and 10th caudal vertebrae for 24
hours before the mice were sacrificed. This magnitude
reflects human spinal overload (1500 N).12 In group two
(n � 3), the “sham” group, the compression device was
applied to mouse tails for 24 hours without stress. Mice in
group three (n � 3), undergoing no surgery, were used
for additional controls. Immediately after the mice were
sacrificed, spines were dissected and the subject disks
harvested, fixed, and embedded in paraffin. Midsagittal
serial sections (5 �m) were obtained accordingly.

Apoptosis and Immunohistochemistry Studies
for IVD Specimens

The cells in the human and mouse paraffin serial sections
of the IVD were counted manually after hematoxylin and
eosin staining. The DNA fragmentation was assessed by
use of the terminal deoxynucleotidyl transferase-medi-
ated dUTP nick end-labeling (TUNEL) method (Boehr-
inger Mannheim, Mannheim, Germany) as previously de-
scribed.32 Condensed or fragmented nuclei were
defined as apoptotic cells. The nuclei were counter-
stained by DAPI to detect non-apoptotic cells and exam-
ined under a fluorescence microscope. For each IVD,
cells in three different views from one section of AF and/or
NP were counted by two of the co-authors using a micro-
scope at �100 magnification after hematoxylin and eosin
staining. The two investigators’ average counts of the
three views were pooled and subjected to statistical anal-
ysis. Results are presented as number of cells per square
millimeter. The percentage of apoptotic cells was deter-
mined from random views of at least 400 cells. Results
are presented as percentage of cells relative to the total
number of cells. Sections were also incubated with rabbit
anti-cytochrome c antibody (1:50 dilution) (Santa Cruz
Biotechnology, Santa Cruz, CA) or goat anti-Fas-L anti-
body (1:20 dilution) (Santa Cruz Biotechnology), followed
by horseradish peroxidase-conjugated secondary anti-
bodies. Sections were counterstained with hematoxylin.
For immunohistochemical controls, sections were incu-
bated with PBS without the primary antibodies. The spec-
imens were viewed under a Nikon TE300 microscope.
Results are presented as percentage of cells with or
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without cytochrome c release relative to the total number
of cells.

Cell Culture and Cyclic Stretch Experiments

Rabbit AF cells were isolated and cultured as previously
described.33 The animal protocol was approved by the
Committee on Animal Care of the University of California,
Riverside. The isolated cells were maintained in Ham’s
F12 medium containing 10% fetal bovine serum, 100
IU/ml penicillin, and 100 �g/ml streptomycin (Gibco,
Grand Island, NY). Only first-passage AF cells were used
in this study, and the isolated cells maintained their phe-
notype until their use in stretch experiments.33 A stretch
apparatus34 was used to apply uniform, sinusoidal cyclic
stretch to confluent AF cells cultured on silicon elastic
membranes (Specialty Manufacturing, Saginaw, MI)
coated with collagen type I (10 �g/cm2; Sigma, St. Louis,
MO). The amplitude of the cyclic stretch was 15% area
change, the frequency 0.1 Hz, and the duration 24 hours.
The static controls were cells cultured on elastic mem-
branes never exposed to cyclic stretch. The positive
controls for apoptosis were AF cells cultured on elastic
membranes treated with staurosporine (Calbiochem, La
Jolla, CA; 1 �mol/L in Ham’s F12) for 10 hours. In some of
the experiments, cell-permeable caspase-8 inhibitor Z-
Ile-Glu-Thr-Asp (IETD)-FMK or caspase-9 inhibitor Z-Leu-
Glu-His-Asp (LEHD)-FMK (Calbiochem) was added to
the culture media (100 �mol/L) 2 hours before the stretch
experiments. This concentration of caspase inhibitors
has been shown to inhibit caspase-8 and -9 specifical-
ly.35,36

Apoptosis Analyses for in Vitro
Stretch Experiments

Ligation-mediated polymerase chain reaction (LM-PCR),
Hoechst staining, and flow cytometric analyses were
used to analyze the stretch-induced apoptosis. For LM-
PCR, the genomic DNA was isolated by use of the Pure-
gene kit (Gentra Systems, Minneapolis, MN), and DNA
fragmentation was investigated by use of a LM-PCR lad-
der assay kit (Clontech, Palo Alto, CA). For nuclear chro-
matin detection, AF cells were fixed in 4% paraformalde-
hyde and stained with 1 �g/ml Hoechst 33258 (Molecular
Probes, Eugene, OR). Apoptotic cells were identified by
the condensation and fragmentation of nuclei, which was
examined under a Nikon TE300 microscope. For flow
cytometric analysis, AF cells were detached from the
elastic membranes, fixed with 70% ethanol, and sus-
pended in PBS with 0.5 mg/ml RNase A (Sigma). After 30
minutes incubation, 50 �g/ml propidium iodide (PI)
(Sigma) was added. Analyses were performed by count-
ing 104 cells with a fluorescence-activated cell sorter
(FACS). The fraction of cells in the hypodiploid population
was calculated from fluorescence frequency histograms
and expressed as a proportion of total cells (% of cell
death).

Measurement of Caspase-8 and -9 Activity and
Mitochondrial Membrane Potential (��)

Enzymatic activity of caspase-8 and -9 was determined
by colorimetric assay, which measured the release of the
chromophore p-nitroaniline (p-NA) combined with a pep-
tide substrate specific to caspase-8 (IETD-p-NA) or one
specific to caspase-9 (LEHD-p-NA). Briefly, AF cells were
lysed, and aliquots of 200 �g of cell extracts were incu-
bated at 37°C for 2 hours in the presence of the specific
substrate in 96-well plates. Peptide cleavage was quan-
tified by a colorimetric plate reader set at 405 nm.

AF cells were stained with DiOC6, and flow cytometry
was performed to examine ��. Non-fixed cells were
stained with 40 nmol/L DiOC6 at 37°C for 20 minutes. An
amount of 104 cells from each sample was counted with
use of the FACS. The fraction of cells with a decrease in
DiOC6 fluorescence was evaluated and expressed as a
proportion of total cells.

Statistics

All experiments were performed independently at least
three times. Student’s t-test and analysis of variance were
used to determine statistical significance.

Results

Involvement of the Mitochondria-
Dependent Apoptosome (MDA) in Human
IVD Degeneration

According to the MRI signal intensity, 13, 14, and 6 disks
from 11 spines were classified as grade 0, 1, and 2,
respectively, of IVD degeneration (Figure 1A, top). He-
matoxylin and eosin staining of the various IVDs showed
much cell loss in grade 1 and 2 disks. As shown in Figure
1B, the average number of total cells per square millime-
ter were 447 � 117 for the outer and 150 � 51 for the
inner AF of grade 0 specimens, 84 � 60 for the AF of
grade 1 specimens, and 3 � 3 for the AF of grade 2
specimens. In grade 1 and 2 specimens there was no
clear distinction between the inner and outer AF.

To determine the type of cell death observed in human
IVDs, TUNEL assay was performed on grade 0 and 1
IVDs. Because very few cells could be detected, this
experiment was not performed on grade 2 IVDs (Figure
1B). In all specimens examined, a significant number of
AF cells showed positive TUNEL staining (Figure 2A),
which indicates that apoptosis occurs during the degen-
eration process. Positive TUNEL staining for AF cells was
10 � 5%, 15 � 8%, and 5 � 2% for the outer AF of grade
0 IVDs, the inner AF of grade 0 IVDs, and the AF of grade
1 IVDs, respectively. To investigate the apoptotic path-
way implicated in the IVD cell apoptosis, we performed
immunostaining using anti-cytochrome c and anti-Fas-L,
which represents the initiation of MDA or death-receptor-
dependent apoptosome. To localize the cytochrome c,
we used an antibody that cannot penetrate the mitochon-
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drial membrane. Thus, this antibody only detects cyto-
chrome c released from the mitochondria. Most of the cell
populations (92 � 5% for the outer AF of grade 0 IVDs,
88 � 7% for the inner AF of grade 0 IVDs, and 95 � 3%
for the AF of grade 1 IVDs) showed normal nuclear mor-
phological features, with little cytochrome c immunostain-
ing, which suggests the absence of cytochrome c release
from mitochondria in the cytosol of these cells (Figure 2B,
top). A diffusive pattern of cytochrome c immunoreactivity
was found in the cytoplasm of some of the AF cells in both
grade 0 and 1 specimens (2 � 4% in the outer AF of
grade 0 IVDs, 2 � 3% in the inner AF of grade 0 IVDs, and
2 � 2% in the AF of grade 1 IVDs, respectively), although
these cells showed normal nuclear morphological fea-
tures (Figure 2B, center). These results suggest the re-
lease of cytochrome c from mitochondria to the cytosol in
these cells, which is the key initiation event of mitochon-
dria-dependent apoptosis.29 The cytochrome c immuno-
reactivity was more robust in some cells in which typical
apoptotic aspects, including cytoplasmic condensation
and nuclear fragmentation, were detected (9 � 4% for

the outer AF of grade 0 IVDs, 12 � 6% for the inner AF of
grade 0 IVDs, and 4 � 3% for the AF of grade 1 IVDs,
respectively; Figure 2B, bottom). In contrast, very little
Fas-L immunoreactivity was detected in all AF cells re-
gardless of the grade (data not shown). Taken together,
these results suggest the involvement of apoptosis in cell
death observed in the human IVD degeneration process,
which is mediated through the activation of the MDA.

Mechanical Stress Induces the MDA in IVD
Degeneration in the Mouse Model

Given the similar trend between human IVD degenera-
tion, apoptosis, and the MDA, we used a mouse model to
explore the role of mechanical stress in IVD degenera-
tion. Mouse tail disks were subjected to an external com-
pression device imposing a compressive stress in vivo

Figure 2. Activation of the MDA in human IVD degeneration. A: DAPI (top)
and TUNEL (center) staining of OAF, IAF of grade 0 IVDs, and AF of grade
1 disks. Bottom panels represent the merged images of DAPI and TUNEL
staining. Arrows indicate the condensed and fragmented nuclei of apoptotic
cells. Data are representative views from various IVDs. Magnification: �400.
B: The corresponding cytochrome c immunostaining of specimens shown in
A. Top panels are normal AF cells (little immunostaining and normal nuclear
morphological features). Center panels show cells having a diffusive pattern
of immunoreactivity in the cytoplasm with normal nuclear morphological
features, indicating the release of cytochrome c. Bottom panels represent
cells with robust cytochrome c staining, cytoplasmic condensation, and
nuclear fragmentation. Magnification: �1250.

Figure 1. Cell death in human IVD degeneration. A: The top panels are
representative MRIs of human lumbar spines. The selected areas represent
the IVD categorized as grade 0 (no degeneration), grade 1 (moderate de-
generation), and grade 2 (severe degeneration). The center panels reveal
the hematoxylin and eosin staining of midsagittal sections of the selected
IVD. NP denotes nucleus pulposus. Bottom panels are representative views
of the outer annulus fibrosus (OAF), inner annulus fibrosus (IAF) of grade 0
IVDs, and whole AF of grades 1 and 2 IVDs. Magnification: �100. B: Average
number of cells per square millimeter from three views of each IVD at �100
magnification. * indicates P � 0.05 relative to OAF. n, number of IVDs
examined.
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(1.3 MPa) between the ninth and 10th caudal vertebrae
for 24 hours.12 TUNEL staining showed a significant in-
crease in apoptotic cells within the inner AF in animals
subjected to the compressive stress (Figure 3). In con-
trast, few, if any, apoptotic cells were found in the outer
AF of the animals and in sham controls receiving no
compressive stress (Figure 3). To investigate the apopto-
tic pathway leading to the mechanical load-induced ap-
optosis observed in the mouse IVD, we performed immu-
nostaining with anti-cytochrome c or anti-Fas-L. In
animals subjected to compressive stress, antigens rec-
ognized by anti-cytochrome c were present in the cytosol
of inner AF cells (Figure 4), which was similar to the
anti-cytochrome c staining results observed in human
samples (Figure 2). Little or no immunoreactivity of anti-
cytochrome c was found in the cytosol of outer AF cells
from animals receiving compressive stress or in AF cells
from sham controls. In experiments using anti-Fas-L, im-
munoreactivity was found only in NP cells but not in AF
cells, regardless of the loading (data not shown). Cells
showing both TUNEL and cytochrome c staining were
mainly located in the inner AF. Furthermore, the inner AF
cells showing positive TUNEL staining were fewer than
those showing positive cytochrome c staining. These
qualitative results suggest that the activation of the MDA
is the initial event leading to AF cell apoptosis and me-
chanical stress is the key regulator of this activation.

Cyclic Stretch Induces IVD Cell Apoptosis
in Vitro

By taking advantage of the well-controlled mechanical
and culture conditions in the in vitro experiments, we
further deciphered the molecular mechanism by which
mechanical stress induces IVD cell apoptosis. Rabbit AF
cells cultured on collagen-coated membranes were kept

Figure 3. Apoptosis in mouse model of IVD degeneration induced by me-
chanical stress. Left panels are representative IVDs from mice receiving sham
surgery; right panels are representative IVDs from mice receiving overload
at 1.3 MPa by an external compression device for 24 hours. A and E:
Microscopic views of the AF and NP of IVDs. B and F: The corresponding
DAPI staining. C and G: TUNEL staining on the same section. D and H:
Merged images of DAPI and TUNEL staining. Magnification: �100. Note: the
apoptotic AF cells are mainly located in the inner AF.

Figure 4. Activation of the MDA in mouse IVD degeneration induced by mechanical stress. A: A representative IVD from mice receiving sham surgery, whereas
B represents an IVD receiving overload with the same mechanical conditions as those in Figure 3. Data shown are cytochrome c immunostaining under different
microscopic magnifications: top, �100; bottom, �1000. Note: high levels of cytochrome c immunoreactivity is mainly found in the cytosol of inner AF cells of
the IVD subjected to mechanical overload.
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as static controls or subjected to 15% cyclic stretch (0.1
Hz) for 24 hours followed by LM-PCR, Hoechst staining,
and flow cytometric analyses to detect apoptosis. A total
of 15% area change represents the physiological limits of
strain observed in IVDs.38 The mechanical stress im-
posed by the applied cyclic stretch caused AF cell apo-
ptosis, as demonstrated by the DNA fragmentation (Fig-
ure 5A). In contrast, apoptosis was not detected in the
static controls. DNA fragmentation was also seen in AF
cells treated with 1 �mol/L staurosporine, a strong in-
ducer of apoptosis.39 Cyclic stretch-induced AF cell ap-
optosis was further confirmed by Hoechst nuclear stain-
ing. As shown in Figure 5B, apoptosis-associated nuclear
condensation and fragmentation increased in AF cells
subjected to cyclic stretch or treated with staurosporine.

PI staining with FACS analysis was used to quantify the
mechanical stress-induced apoptosis. As shown in Fig-
ure 5C, cyclic stretch induced a significant increase in
apoptosis (17 � 11%), as compared with that in static
controls (2 � 1%). In the positive control experiments,
41 � 7% of the cells underwent apoptosis in response to
staurosporine.

Caspase-9 Regulates the Cyclic Stretch-
Induced Apoptosis

Since apoptosis in human and mouse IVDs is associated
with the MDA (Figures 2 and 4), we investigated whether
caspase-9, a cytochrome c effector, is activated by cyclic
stretch in vitro. Rabbit AF cells were subjected to cyclic
stretch at 15%, treated with staurosporine, or kept as
static controls. In a separate set of experiments, cells
were also exposed to Z-LEHD-FMK peptide, an irrevers-
ible caspase-9 inhibitor, before and during stretch exper-
iments. After the various experiments, cells were lysed for
caspase-9 activity assays, PI staining, DNA fragmenta-
tion, and �� measurement. As shown in Figure 6A, com-
pared to that under static conditions, caspase-9 activity
in the stretch- and staurosporine-treated cells was in-
creased by 2.0 � 0 and 2.7 � 0.1 times, respectively. The
release of cytochrome c from mitochondria to the cytosol
is necessary for caspase-9 activation.29 Moreover, the
alteration of �� leads to the release of cytochrome c,
thus decreasing the mitochondrial uptake of DiOC6.40

Therefore, we investigated the changes in �� in re-
sponse to cyclic stretch by FACS measurement of the
DiOC6 fluorescence. As shown in Figure 6B, mechanical
stress caused by cyclic stretch and staurosporine (pos-
itive control) decreased the ��, as indicated by the
increased proportion of cells with low DiOC6 fluores-
cence compared with the unaffected �� in static controls
(Figure 6B). PI staining and DNA fragmentation analyses
further revealed that the stretch-induced AF cell apopto-
sis was much attenuated by the caspase-9 inhibitor (Fig-
ure 6, C and D).

The activation of the MDA can be initiated indirectly by
up-regulated caspase-8.30 To investigate whether the
death receptor-caspase-8 apoptotic pathway is also in-
volved in mechanical stress-induced AF cell apoptosis,
we analyzed the caspase-8 activity in response to cyclic
stretch. We observed that the caspase-8 activity in AF
cells was not affected by the imposed cyclic stretch.
Furthermore, the inclusion of an inhibitor specific to
caspase-8 (ie, 100 �mol/L Z-IETD-FMK) had no effect on
the stretch-induced apoptosis assessed by PI staining
and DNA fragmentation assays (data not shown). These
results and data presented in Figure 6 suggest that me-
chanical stress activates the MDA in AF cells, which
depend on caspase-9 but not caspase-8.

Discussion

IVD degeneration is found in more than 40% of patients
who experience low back pain.8 Although ample evi-

Figure 5. Cyclic stretch induces IVD cell apoptosis in vitro. Rabbit AF cells
were kept as static controls, subjected to stretch at 15% for 24 hours, or
treated with 1 �mol/L staurosporine for 10 hours. A: Genomic DNAs isolated
from static, stretched, or staurosporine-treated AF cells were subjected to
LM-PCR analysis followed by agarose gel electrophoresis. The data represent
results of three independent experiments. B: The nuclear chromatin of AF
cells was detected by Hoechst 33258 staining and indicates the cells under-
going apoptosis. Arrows indicate condensed and brightly stained nuclei. A
representative section is shown at �200 magnification. C: Quantitative eval-
uation of apoptosis was assayed by FACS after PI staining. Results are
presented as the percentage of cells below the G0/G1 peak (containing
hypodiploid DNA) and are expressed as mean � SD of three independent
experiments. * indicates P � 0.05 relative to static controls.
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dence from clinical studies links physical exertion to low
back pain and IVD degeneration, the involved molecular
mechanism is still unclear,13 mainly because of the diffi-
culty in obtaining intact IVD tissue from patients for patho-
physiological examination. However, a mouse model of
IVD degeneration has been developed recently.12 In this
study, we used human samples, the mouse model, and in
vitro mechanical loading on cultured rabbit IVD cells to
investigate the mechanical basis of IVD degeneration,
which can lead to low back pain. We observed that
apoptosis is a major event associated with IVD degener-
ation. Induced by mechanical overload, this pathophys-
iological process is mediated through the activation of
the MDA, including cytochrome c release and caspase-9
activation.

MRI and histological analysis on whole IVDs from ca-
davers of patients revealed that tissue degeneration is
associated with cell death in IVDs (Figure 1). This result is
consistent with a previous study involving IVD explants.21

To our knowledge, few histological studies on whole IVDs
from patients with low back pain has been performed
previously, mainly because of the lack of invasive proce-
dures to dissect and remove impaired IVDs. Also, it is
difficult to differentiate IVD tissue from surrounding tis-

sues such as bone or vertebral end plates and AF from
NP for biochemical analyses. The T2 signal intensity of
MRI is a useful clinical tool to reveal the hydration status
of the IVD that corresponds well with the degree of de-
generation.41 Associating the degeneration of human
IVDs, assessed by MRI, with histological results of spec-
imens collected from the same IVD, we observed fewer
cells in moderate and highly degenerated IVDs (grade 1
and 2) than in normal disks (grade 0; Figure 1, A and B).
This cell loss can be attributed in part to AF cell apopto-
sis, because few AF cells with positive TUNEL staining
were detected in IVDs (Figure 2A). Because the whole
intact IVDs were taken from spines of deceased patients,
it is likely that the observed apoptotic process was due in
part to the time lag (48 hours) between the death of the
patient and the dissection of the spine from the cadaver.
The development of the anterior surgical approach could
resolve this technical limitation. It is also noted that the
TUNEL preferentially labels apoptotic cells but can also
label DNA fragments generated during the late period in
necrosis. Thus, we cannot rule out that some TUNEL-
positive cells might have been necrotic cells.

By using an antibody that detects only the cytosolic
cytochrome c,37 we found the release of cytochrome c in

Figure 6. Cyclic stretch-induced apoptosis is initiated by MDA. Rabbit AF cells were kept as static controls (A and B), stretched at 15% for 24 hours, or treated
with 1 �mol/L staurosporine or kept as static controls (C and D), stretched at 15% for 24 hours, or treated with 100 �mol/L Z-LEHD-FMK. A: The caspase-9 activity
in cell lysates was measured by detecting the cleavage of LEHD-p-NA, determined by use of a colorimetric plate reader at 405 nm. Results are expressed as mean �
SD from three independent experiments. B: �� was assayed by FACS after DiOC6 staining. The percentage represents the fraction of cells with decreased DiOC6

fluorescence. C: Quantitative evaluation of apoptosis was assayed by FACS after PI staining. Results are presented as the percentage of cells below the G0/G1 peak
(containing hypodiploid DNA) and expressed as mean � SD from three independent experiments. D: DNA fragmentation was examined after LM-PCR analysis
of genomic DNA followed by agarose gel electrophoresis. * indicates P � 0.05 relative to static controls.
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the cytoplasm of AF cells in both grade 0 and 1 speci-
mens (Figure 2B, center). These cells, having normal
nuclear morphological features, revealed that the MDA
would initiate AF cell apoptosis. Moreover, AF cells show-
ing cytochrome c immunoreactivity with condensed cy-
toplasm and fragmented nuclei suggest that some cells
experienced a later stage of apoptosis (Figure 2B, bot-
tom). In contrast, little if any, Fas-L staining was observed
in AF cells in these specimens. The data suggest that the
MDA but not Fas-L-related signaling is a major apoptotic
pathway implicated in the degeneration of human IVDs.
Apoptosis and cytochrome c release were observed in
IVDs with normal T2 MRI signal intensity (grade 0), which
clinicians consider to be a healthy state. This may dem-
onstrate an early but active degeneration process in mor-
phologically normal tissues: clearly, apoptosis initiates in
normal disks and must precede the morphological alter-
ations that are pathognomonic of degenerated disks.
While we do not know the premortem loading history for
these human tissues, it may be that mechanical stress
accelerates the physiological process of aging, leading
to an acute degeneration, which is a pathological state of
IVD degeneration.

A mouse model further supports the acute IVD degen-
eration caused by the MDA in AF cells in response to
mechanical overload. This experimental system with ac-
celerated IVD degeneration has its advantages in that 1)
the newborn mouse disk has a structural organization
and cell population similar to that in young people,42,43 2)
the mouse IVD degeneration mimics that in adults,44,45

and 3) the applied mechanical overload results in a de-
generation phenomenon similar to that observed in over-
loaded human IVDs.12,14,46 Coinciding with results ob-
tained from human specimens with IVD degeneration
(Figures 1 and 2), mechanical overload on mouse spines
increased the number of apoptotic AF cells and the re-
lease of cytochrome c (Figures 3 and 4). Furthermore, the
absence of positive Fas-L staining in AF cells indicates
that the Fas signaling is not the major pathway mediating
the mechanical stress-induced AF cell apoptosis. These
results suggest that mechanical overload can be a key
stress, leading to excessive apoptosis of AF cells, which
is mediated through the MDA. The presence of anti-Fas
immunoreactivity in the NP but not in AF cells of mouse
IVD is currently unknown. One possible explanation is
that the distinct embryological origin of NP and AF cells
may lead to higher apoptosis in NP cells even under
physiological conditions. To reach the homeostasis, NP
might be programmed to death by the activation of death
receptors, regardless of the loading conditions.

Results from experiments involving human samples
and mouse models are supported by experiments show-
ing that mechanical stress-induced rabbit AF cell apo-
ptosis occurs via a capsase-9-dependent pathway (Fig-
ures 5 and 6). Activated in cells secondary to various
stimuli, including UV irradiation, hypoosmolarity, growth
factor deprivation, DNA-damage oxidative stress, heat
shock, cytotoxic drugs, ischemia, and ceramide, the
MDA is a major mediator in maintaining cellular ho-
meostasis.47–50 The role of the MDA in IVD degeneration
is reminiscent of the process of other degenerative dis-

orders such as amyotrophic lateral sclerosis (ALS), Alz-
heimer’s disease, and Parkinson’s disease. Cytochrome
c release and caspase-9 activation occur in the cells of
the spinal cord during the neurodegenerative process of
ALS.51 The Bid-Bax pathway, lacking caspase-8 activa-
tion, has been suggested to activate the MDA involved in
ALS.51,52 In Alzheimer’s and Parkinson’s diseases, the
upstream molecules regulating the MDA involve p53 and
reactive oxygen species (ROS).53,54 The lack of Fas-L
and caspase-8 activation in our in vivo and in vitro results,
suggesting that mechanical overload activates death re-
ceptor(s), which in turn up-regulate(s) the MDA, is less
likely. However, the involvement of the death receptor
apoptosome in the later stage of the degeneration pro-
cess or a caspase-8-independent Bid activation as ob-
served in ALS cannot be completely ruled out. Another
alternative is that ROS may activate the MDA in response
to mechanical overload. Results from a recent study
showed that ROS in cardiac myocytes were increased by
mechanical stretch at high amplitudes, which led to ap-
optosis.55 Mechanical stretch has been shown to induce
apoptosis in myocytes via the activation of the transcrip-
tional factor p53, leading to a decrease of the Bcl-2:Bax
ratio, which suggests the participation of the MDA.56,57

Furthermore, p38 MAPK activation of p53 has been
shown to mediate apoptosis of vascular smooth muscle
cells induced by mechanical stretch.58,59 A decreased
Bcl-2:Bax ratio was found in these cells as well.59 Data
from the current study, together with previous results,
suggest that ROS production, p38 MAPK activation, p53-
dependent Bax induction, cytochrome c release, and
caspase-9 activation could constitute the mechanotrans-
duction pathway, leading to apoptosis in response to
mechanical overload.

In conclusion, evidence from the current study sug-
gests that the MDA could be associated with AF cell
apoptosis in human IVD degeneration in response to
mechanical overload. Understanding this mechanism
may benefit the development of specific treatments for
patients with low back pain.
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